ABSTRACT Electromagnetic forming (EMF) has been widely applied in industries. However, it's still hard to form thick or hard metal work pieces due to the limitation of its system power. Moreover, increasing the input voltage or capacitors may cause the problem of insulation, reduce the lifetime performance of devices, and lead to the cost increase and safety issue. Therefore, this paper proposes a novel technology named electromagnetic heating forming (EMHF), which combines EMF with electromagnetic induction heating (EIH) based on their similar working principles to make it easier to form the thick or hard metal work pieces. The EMHF can reduce the deformation resistance of work pieces by preheating treatment, and produce small discharge energy to deform work pieces. A 5kV/1.68kJ/135µ F EMHF system with a high-current pulse generator and a high-frequency heating source, which consists of an autonomous currentfed push-pull resonant inverter based on a zero voltage switching circuit and a resonant network, has been designed, built, and tested successfully. A finite element model coupling with the electromagnetic field, solid mechanics field, thermal field, and deformed geometry has also been built in COMSOL Multiphysics to analyze the EMHF process. Tube compression EMHF experiments of different input voltages, thicknesses, and temperatures have been carried out. The experimental and simulation results demonstrate that the EMHF can reduce the requirements of the deformation process by preheating treatment, which can't be done by EMF. Besides, the deformation can be controlled by the preheating temperature during the EMHF process. Therefore, the EMHF has great potential in industrial applications.
I. INTRODUCTION
Electromagnetic forming (EMF) is a fast, intelligent and environment-friendly manufacturing technology which has widely been applied in deforming tubular or sheet metal work pieces [1] - [7] . It is a non-contact forming process using Lorentz force caused by the large discharge current flowing through the forming coil. This technology can be explained through Maxwell equations: a time-varying magnetic field produced by the discharge current in the forming coil induces eddy current in the work piece and hence Lorenz force applied on the work piece. As is shown in Fig. 1 , the EMF system mainly consists of two parts: a high-current pulse generator
The associate editor coordinating the review of this manuscript and approving it for publication was Zhigang Liu. and a forming system [2] . The high-current pulse generator consists of the power supply U, capacitor C, charging switch K 1 and discharging switch K 2 . The pulse generator works simply. Firstly, the charging switch K 1 is turned on, and the power supply U charges the capacitor C. Then, the charging switch K 1 is turned off and the discharging switch K 2 is turned on. Lastly, the capacitor discharges to the forming coil.
This forming system designed for tubes includes a forming coil and work pieces, as is shown in Fig. 1 . Tubes achieve a high velocity to be formed in about 20 − 100µs during the EMF process. The dynamics of this event, including die impact, enhance the formability of tubes and eliminate spring-back of tubes [8] - [13] . Thus, EMF is expected to help overcome some formability barriers that prevent more widespread use of materials such as aluminum in lightweight structural applications [14] . And this technology has no need to lubricate [15] . It holds prospects of being widely applied, which attracts many scholars' interest. In recent years, scholars have focused on the numerical calculation, circuit optimization, and experimental study of EMF technology. Anter proposed a mathematical and numerical model that captures the pertinent physics and offers exceedingly useful solutions based on the ANSYS which could help engineers to design advanced EMF systems [16] . Ali offered a numerical method which involves circuit analysis, electromagnetic field calculation and the dynamic plastic deformation of the work piece to solve the problem of the electromagnetic forming of clamped thin circular metal sheets by using a flat spiral coil [17] . Besides, some studies have been focused on improving the efficiency of the forming process by optimizing the equipment. Luis proposed a new high-current generator with energy recovery based on two resonant power modules, which improves the efficiency of EMF system by up to 32% and reduces charging time in comparison by 68%, and energy can be maximized by adding more modules [18] . Moghadam proposed a new pulsed power supply system based on Z-source full-bridge inverter that has the flexibility in terms of controlling energy and charging the capacitor to provide a proper pulse for EMF, while there is a voltage limitation resulting from the limited use of semiconductor switches [19] .
However, some problems still exist in the process of thicker or harder work pieces forming, which brings higher requirements for the EMF system. That means more energy is needed to produce enough Lorentz force. Improving energy by increasing input voltage and adding capacitors are two most commonly-used methods. Nevertheless, the maximum input voltage and capacitance are fixed when the system is produced. And the methods will also bring about other problems such as insulation strength reducing, bigger EMF volume, shorter service life of trigger vacuum switch (TVS) and capacitors, higher requirements for electrical connection, and cost increase. Higher voltage will also reduce the circuit security and stability. All of those problems limit the EMF's application in many fields. Preheating treatment can improve the plasticity of the metal materials. Therefore, electromagnetic induction heating (EIH) is proposed for reducing the forming conditions in this work because it can provide noncontact, fast, and efficient heating of conductive materials. The preheating treatment is made before the forming process to improve metal atomic energy and plasticity, and reduce deformation resistance. Besides, EIH is becoming one of the preferable heating technologies in industrial [20] , domestic [21] and medical applications [22] . Moreover, EMF and EIH have the similar working principle, and the coil can be used to form or heat the work pieces. Thus, EMF and EIH are combined to EMHF to reduce the forming limitations and make the forming requirements easy to be met. Based on the theory of EMHF technology, a novel EMHF system was developed. The tube compression EMHF results are as expected, which proves the high feasibility of the EMHF technology.
The remainder of this manuscript is organized as follows. First, the basic principle and circuit of EMHF is introduced in section II. Then, in section III is presented a description of the EMHF system and tube compression experimental condition, followed by experimental results and analysis in section IV. A simulation based on COMSOL Multiphysics is described in section V. The conclusions of this study and avenues for future work are introduced in last section.
II. BASIC PRINCIPLE AND CIRCUIT OF EMHF A. THEORETICAL ANALYSIS OF EMHF
The power of an EMF system is related to the input voltage and capacitance according to (1) . Increasing the input voltage or capacitance are two effective ways to gain more energy.
where C is the capacitance of energy storage capacitor and U is the input voltage. The working current flowing in the forming coil discharges from the capacitors and the discharge process is very transient. According to the RLC equivalent circuit, the discharge process of such a system is described by the following equations:
where I (t) is the discharge current flowing in the forming coil. ξ is the attenuation coefficient. ω 0 is the resonant angular frequency. R, L, C are the circuit parameters and t is the time. ω d is the oscillation angular frequency.
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The discharge current I (t) can be given by solving the equations above.
The basic principle of EMF is that the tube near the forming coil induces a great Lorentz force and is deformed at a highspeed in a short time. Equations (6)- (8) described the Lorentz force during the forming process of EMHF according to [23] .
where f m is the Lorentz force in the tube. B is the magnetic flux generated by the discharge current flowing through the coil and J e is the induced current density in the tube. Thus, B and J e are both related to the discharge current I (t) which is decided by the input voltage U , the capacitance C, the resistance R and the inductance L. The displacement equation in the EMF process is given by the following equilibrium equation:
where S is the displacement of tube, which can reflect the degree of deformation. ρ is the metal density. σ f is the flow strength.
To reflect the high strain-rate effect on the mechanical properties of the tube, the flow strength of the tube according to the work from Suzuki [23] is approximated by
where K is the strength coefficient. n is the strain hardness. σ Y is the yield stress and it is related to the metal temperature. ε represents the plastic strain. There are two approaches to improve the deformation effect on tubes according to (5)- (9) .
1) The first is improving the input voltage to increase the discharge current. This way can improve the induced current density and the magnetic flux, and can generate greater Lorentz force to overcome the deformation resistance of work pieces.
2) The second is reducing the flow strength of work pieces. Changing the yield stress, strength or strain of the work pieces to reduce the flow strength is another method.
This study chooses the second method and proposes a new technology named EMHF to form thick and hard work piece. The heating source in the EMHF can reduce the yield stress of work piece by raising its temperature.
B. BASED PRINCIPLE OF EIH
Preheating process means putting energy into the work piece. The energy renders the thermal motion of metal atoms more intense and make it easier to go out of their bondage. In other words, atoms with high temperature are easier to move under the same pressure conditions. EIH possesses many advantages such as being fast, controlled, safe, and high-efficient.
Thus, it is chosen to decrease the deformation resistance of metal work piece in this study. In addition, EMF and EIH rely on electromagnetic induction principle to affect the work piece. And the coil can be used to form and heat the work piece, so they can be integrated on a system easily. Figure 2 shows a typical structure of an EIH system [24] - [27] . An alternating current (AC) source is used to supply the alternating current to a coil. The coil generates an alternating magnetic field, in which the heating target, i.e., the work piece, is immersed. Then, there are two physical indicators of the heated work piece: eddy currents and magnetic hysteresis [28] . Eddy currents oppose to the magnetic field applied to the work piece, and they produce heating through Joule effect, which is commonly the main heat source in EIH processes. There are three effects in EIH: proximity effect, skin effect and torus effect. As is showed in Figure 2 (b), there are inductor current in forming coil and induced current in the tube. The coil and the tube can be regarded as two parallel wire which flow in the opposite direction. The inductor current and induced current produce the proximity effect, while inductor current is concentrated on the inside surface of the coil. The induced current of the tube is focused on its outer edge.
The working principle of EMF is the similar to that of EIH. However, there are also some differences between them, which are listed here:
1) The EMF current is much stronger than the EIH current;
2) The EMF current has shock waveform while the EIH current has sinusoidal waveform;
3) The frequency of EIH current is different from that of the EMF current.
In the EMHF process, the work piece is preheated while the capacitors are charged. According to Maxwell equations, the induction electric potential of work piece is:
where N 2 is the equivalent number of work piece turns, φ is the magnetic flux generated by the time-varying current. If the magnetic flux φ is alternating, assuming that
The valid value is given as follows.
The Joule heat of work piece can be defined as follows.
where R l is the resistance of the work piece, t is the preheating time. Thus, the heating temperature can be controlled by the heating time. Most importantly, field shaper is used to enhance the magnetic field of the EMHF. The working principle of the field shaper is showed in Fig. 3 , where i 1 is the preheating current or discharge current in the coil, i 2 is the induced current in the field shaper, and i 3 is the induced current in the work piece. The relationship between i 3 and i 1 is given as follows. (15) where N 1 is number of coil turns, η is the energy transfer efficiency between the coil and the tube. Thus, the energy can be concentrated in the forming area by the field shaper when the forming coil is bigger than the work piece.
C. DBASED DIAGRAM OF EMHF SYSTEM
The basic process of EMHF consists of three steps: a high voltage direct-current (DC) power supply charges the capacitor bank and stores energy while preheating the work piece; the discharge switch is triggered and the capacitor bank starts to release energy; the time-varying magnetic field and the induced eddy current are produced, then the work piece is formed by the large Lorentz force.
To better show all of the steps mentioned above, a novel diagram of EMHF system is designed, as is shown in Fig. 4 . It mainly consists of a high-current pulse generator, a highfrequency sinusoidal wave generator and a forming system. A high-voltage DC power supply is used to charge the capacitor bank. Concurrently, the high-frequency sinusoidal wave generator based on DC source and inverter heats the tubes by electromagnetic induction before the trigger source is working. Then the FPGA switches off the vacuum relay and triggers the TVS conducted. The capacitor banks release the energy to the coil, producing the high current pulse.
The part of high-current pulse generator works under a high voltage and a large current while induction heating generator is low in working voltage and small in working current. Therefore, the heating source needs to be isolated from the high voltage and the large current. The vacuum relay with a high operation voltage and a large operation current is used to isolate the two parts. Thus, there will be no interactive influence between the forming part and the preheating part.
III. DEVELOPMENT AND ESTABLISHMENT T OF THE EMHF SYSTEM
FIGURE 5. High-current pulse generator and its output waveform (a) High-current pulse generator and (b) The output discharge current. VOLUME 7, 2019 A. DEVELOPMENT AND ESTABLISHMENT OF THE HIGH-CURRENT PULSE GENERATOR A 1.68kJ high-current pulse generator with a capacitance of 135µF and a maximum charging voltage of 5kV is designed for tube compression EMHF experiments, which is exhibited in Fig. 5(a) . A high-voltage DC power supply is used to charge the capacitor bank. Nine paralleled 15µF pulse capacitors are used to storage energy. The circuit is connected by the aluminum alloy plate, and reduces stray inductance by increasing the cross-sectional area of the plate. This work chose TVS as the discharge switch because of its superior performance. It is connected with the working coil and capacitor bank through the special barrel structure aluminum alloy sleeve. The discharge loop area is designed to be very small to reduce the energy loss. A trigger source is designed and built for the TVS [29] , which generates a 5µs/5kV trigger pulse. The discharge current is measured by the Rogowski coil with a sensitive of 50kA/V, as shown in the Fig. 5(b) . The maximum value of the discharge current is about 45kA when the input voltage is 5kV.
B. DEVELOPMENT AND ESTABLISHMENT OF THE WORKINF COIL AND FIELD SHAPER
The working coil is an important part in the EMHF system. It is used to produce a time-varying magnetic to heat and form work pieces. The coil is fabricated with rectangular crosssection copper coils because it is mechanically stronger than that fabricated with circular cross-section copper coil [30] . The cross-sectional area of each coil turns is about 7 x 5 mm 2 to ensure enough stiffness. The angle relates to the inductance of field shaper. According to [31] , the larger the angle is, the stronger inductance of the field shaper is. Thus, 60 degrees is chosen to increase the inductance, which improves the efficiency of the forming process. The clearance between them is about 0.2 mm and Mara tape is used for insulation. The turns of the coil is 6 and the coil diameter is 100mm. The diameter of the hole is 16.5mm and working area length is about 5mm. The forming coil, field shaper and work piece can be modeled as an equivalent resistor R eq and an equivalent inductor L eq , which is described in Fig. 7 . 
C. DEVELOPMENT AND ESTABLISHMENT OF THE HIGH FREQUENCY EIH SOURCE
The EIH source with high-frequency is used to preheat the tubes while the capacitor bank is charged. This process mainly includes rectifier and inverter. The alternating magnetic field is produced by the high-frequency current in the forming coil, and then eddy current is produced in the field shapers and work piece. The inverter is the most important one in the EIH source and an autonomous current-fed pushpull resonant inverter is used to convert the direct-current into the high-frequency alternating-current in this study, which can increase the frequency with full resonance and soft switching operation [32] .
The schematic diagram of the proposed inverter is presented in Fig. 8 . It includes a DC power supply, two large inductors, a zero voltage switching (ZVS) circuit, a resonant network and two MOSFETs used as switches. The equivalent resistor R eq and inductor L eq are connected in parallel in the resonant network. And a tuning capacitor C is added to complete the resonant tank. L 1 and L 2 are about 300µ H according to simulation in the Matlab. C is about 2µF according to calculation. The high-frequency EIH source is described in Fig. 9(a) . The AC-DC power supply converts the 220V alternating current into 12V direct current, which provides the energy for the EIH source. The frequency of heating current is set from 60kHz to 110kHz and a protection circuit is designed in the source. The heating source will stop working when the frequency reaches more than 110kHz, which can be regarded as the short circuit phenomenon. Fig. 9(b) shows the output waveform of the heating current and the voltages waveform of the switches. The output current amplitude can be up to 40A, and the frequency is about 93kHz. The valid value of the current is about 28.3A.
Moreover, the skin depth holding influence on the heating effect depends upon the material electrical conductivity, magnetic permeability and EIH device frequency, as is shown by (16) 
where the d is the skin depth, f is the frequency of the heating current, the µ represents the magnetic permeability of the tube and σ is the electrical conductivity of the tube. The resonant frequency f is related to the L eq and C 0 , which can change autonomously according to [30] . So materials and thick tubes differ in their frequency and skin depth.
IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. THE SAMPLES AND MEASUEMENT DEVICE
To verify the feasibility of the EMHF, tube compression EMHF experiments were carried out. The 6061 aluminum alloy was selected as the material in the experiments because it has good electrical conductivity and is widely used in the industries. The tube's outer diameter is 16mm and its length is 20mm.
In the EMHF experiments, the preheating temperature is decided by the preheating time and measured by the U5855A TrueIR thermal imager shown in Fig. 10 , which is produced by the KEYSIGHT. The U5855A TrueIR thermal imager can produce standard thermal images. Fig. 10 shows the measurement result of the heating process. The temperature distribution is this: the temperature of tube and the part of the field shaper near the tube are the highest, and the temperature of rest part is relatively low. The induced eddy current flowing in the tube is much stronger than the discharge current according to (15) . Thus, the Joule heat and the temperature rise of the tube is also larger than that of the forming coil. There are some differences between the theoretical calculation and the actual measurement of preheating temperature in this study, for there is no way to measure the temperature accurately resulting from the good heat conduction of metals. And the highest surface temperature ever measured is regarded as the predetermined temperature. In the experiments, in order to reduce the influence of high temperature on the forming coil, a simple water cooling system consisting of water pipes and water pump is used to cool the forming coil and insulating layer. High-voltage probe P6015A produced by Tektronix is used to measure the voltage of the capacitor bank. And a Rogowski produced by MEATROL is used to measure the discharge current.
B. EFFECT OF DIFFERENT INPUT VOLTAGES AND TEMPERATUREES
The typical forming results of the 6061 aluminum alloy tubes with different input voltages are illustrated in Fig. 11 . The tube's thickness is 1mm and its temperature is about 25 • C. The input voltages are set to 1kV, 2kV, 3kV, 4kV, 5kV and the input power are about 0.07kJ, 0.27kJ, 0.6kJ, 1.08kJ, 1.68kJ respectively. The deformation results are compared in terms of displacement distance, which are measured by the Vernier caliper. Figure 11 suggests that the greater the input voltage is, the more obvious the forming result is. The input voltage can affect the discharging current flowing in the forming coil, which produced the induced current density and the magnetic VOLUME 7, 2019 flux. High voltage will bring more power and produce larger induced current and magnetic flux directly. The Lorenz force will also be strengthened according to (5) . So the deformation can be controlled by changing the input voltage. However, the input voltage cannot be infinitely strengthened because it has a limit determined by the operating voltages of the power supply, the capacitor bank, the switches and the circuit. Meanwhile, high input voltage will increase the cost and reduce the life span of the equipment. The typical results of deformation under different temperatures are shown in Fig. 12 , when the input voltage is set to 4kV. As the figure shows, the forming effect improves as the preheating temperature increases. The results show that the temperature can change the above problem, and the tube compression result of the 4kV-350 • C is better than the 4kV-25 • C and 5kV-25 • C. That is to say, the effect of low voltage with high temperature can be the same as that of the high voltage with low temperature. So EMHF technology has a lower requirement for the forming process, and the deformation can be controlled by the heating temperature and input voltage. Moreover, the deformation is related to the temperature, and there is no linear relationship between temperature and deformation. This also satisfies the (7)- (9).
C. EFFECT OF DIFFERENT THICKNESSES AND TEMPERATUREES
The typical forming results of aluminum alloy tubes with the different thicknesses under different temperatures are shown in Fig. 13 . The thickness of the two tubes are 1mm and 2mm, respectively. And their temperatures are about 25 • C and 350 • C. The input voltage is 4kV and the input power is about 1.08kJ. The results demonstrate that the thinner the tube is, the more obvious the forming effect is. Under the same Lorentz force, the deformation of thick tube is little because of its structure, and the deformation resistance of the thick tube is bigger than that of the thin tube. So the thicker tube needs more energy to reduce the deformation resistance. Heating can put enough energy into the tubes to reduce their deformation resistance. Therefore, the thin tube with a high temperature can have the same deformation effect as the thicker tubes. The effect of tube thickness could be reduced by EMHF technology.
V. SIMULATION OF EMHF A. SIMULATION MODEL IN COMSOL MULTIPHYSICS
EMF is a complex process including electromagnetic field, solid mechanics field and thermal field. The finite element simulation is one of the main methods for physical analysis and COMSOL Multiphysics is a major software used in the analysis of EMF process [33] - [37] . Based on our previous study on EMF process simulation [33] and related references [34] - [37] , a finite element model coupling with electromagnetic fields, solid mechanics field, thermal field and deformed geometry was built in COMSOL Multiphysics to analyze the deformation process of tube compression using the EMHF technology.
The geometry model of the tube-compression EMHF simulation is shown in Fig. 14 . It consists of the forming coil, tube, field shaper and the solving area. Copper is chosen as the material of the forming coil and field shaper. The tube is made from the 6061 aluminum alloy. The solving area is set as the air. The aluminum tube is 16mm in its outer diameter of and is 14mm in its inner diameter. The length of the aluminum tube is 40mm. These parameters are consistent with those required by experiments.
However, there are some differences in the simulation steps compared with previous simulation work. The simulation of EIH is carried out firstly, and then forming simulation is carried out. According to [38] , the EIH process includes (12)- (14) and (17)- (18) as follows.
where ω is the angular frequency and µ is the velocity vector. And A is the magnetic vector potential. ρ is the density of the tube metal. T is the temperature and t is the preheating time. σ is the electrical conductivity. C p is the specific heat capacity. k is the thermal conductivity. The parameters σ , C p , and k will be affected by the temperature. Q is the induction heating energy calculated by (14) . The change of magnetic field and Lorentz force is calculated in the electromagnetic field module. Lorentz force can be obtained according to (7) . And the change of magnetic field is calculated according to (19) - (21).
σ E = J (20)
where J is the coil current density. B is the magnetic flux density. V is the velocity of the medium. E is the electric field intensity. J e is eddy current density. A is the magnetic vector potential.
The solid mechanics field is used to simulate the tubecompression process based on (8)- (9) .
The physical parameters of the tube is shown in Table 1 . The input excitation source is high frequency sinusoidal current shown in Fig. 9 (b) and pulse current shown in Fig. 5(b) . The tube will be deformed by Lorentz force in the first rising phase of the discharge current. Therefore, the simulation time of deformation stage is set according to the discharge current waveform.
B. SIMULATION RESULTS AND ANALYSIS
The temperature of tube after preheating treatment in simulation is shown in Fig. 15 . The initial temperature is set to 273k. In the simulation, the preheating temperature can be controlled by the preheating time according to (14) , and the tubes are preheated to 299k, 372k, 472k and 617k, respectively. As is shown in the figure, the highest temperature area is in the middle of the tube where the working area of the field shaper lies. As the temperature increases, the temperature span extends and the difference of the tube becomes bigger. And there is also temperature difference between the outer and inner of the tube.
The EMHF deformation results of tube under temperature of 299K and 617K are shown in Fig. 16 . In order to show the simulation results more clearly, COMSOL Multiphysics software will automatically enlarge display results. The spe-VOLUME 7, 2019 cific numerical value of the deformation can be seen in the right legend. The deformation of tube is achieved when the input voltage is 4kV. And deformation are concentrated in the working area of field shaper. As is shown in the figure, the radial displacements at the center of the tubes varies with the preheating temperatures. The simulation results can be preliminary evidence that, the temperature will affect the EMF process and EMHF will reduce the limitation of EMF when the input voltage is fixed. In order to explore the feasibility of EMHF, this study also simulated deformation results under different temperature of 372k, 472k and 570k. The displacements of the tube are respectively 2.08mm, 2.46mm and 2.73mm. There are some differences between the experimental results and simulation ones. In the experiment, when the preheating temperature reaches the calculated temperature, the EIH source will be cut off and the pulse current will discharge from the capacitor bank. In the process of capacitor bank discharge, temperature will be reduced and there may be error produced in the measurement process. Meanwhile, the parameters in the simulation are also very ideal. This study conducts qualitative analysis based on the simulation and experimental results, rather than quantitative analysis. Thus, the rule and trends of the simulation results are consistent with the experimental results, which shows that the deformation results improves with the preheating temperature increasing.
The relationship between the temperature rise and the increase of displacement distance is not proportional. The decrease rule of the flow strength with temperature is not the linear according to (9) . The temperature not only affects the yield strength of tube, but also affects its electrical conductivity. As the preheating temperature increases, electrical conductivity of the tube will decline. The induced current flowing in the tube will be influenced by the change of electrical conductivity. As is shown in Fig.17 , the induced current will reduce with the increase of the preheating temperature. And Lorentz force produced by the magnetic field and eddy current will also be influenced. The Lorentz force in the EMHF process is shown in Fig. 18 . From the Fig. 18(a) and Fig. 18(b) , Lorentz force first increases and then decreases. In the EMHF process, discharge current will increase as is shown in Fig. 5(b) . However, the decreases of tube deformation and the internal magnetic flux of the tube lead to the reducing of the induced eddy current. Thus, Lorentz force will decrease. Compared the induced current in Fig. 18(a) with that in Fig. 18(b) , Lorentz force will be reduced with the increase of the preheating temperature. Thus, the rising of preheating temperature also has a certain scope. In the simulation results, the tube deformation increases with the rise of the preheating temperature, which shows that the influence of preheating temperature on the yield strength is greater than that on the electrical conductivity.
VI. CONCLUSION
In this study, a developing procedure of EMHF based on EIH and EMF has been presented. And a novel EMHF system of 5kV/135µF was successfully designed, fabricated, and tested. The heating source consists of a DC power supply and an autonomous current-fed push-pull resonant inverter. In addition, the conclusion through the results of tube compression experiments are following.
1) The input power, thickness, and temperature all have influence on the EMF effect. This study firstly chose the rising temperature to improve the compression forming effect instead of increasing the input voltage. When the maximum input voltage and maximum capacitance of the EMHF equipment are fixed, work piece can also be formed by preheating to the proper temperature. And the thick work piece can be formed by a lower input voltage. 2) Preheating process can improve the plasticity and reduce the limitation of work piece, which render the forming process easier to be completed. The deformation result can be controlled by the suitable temperature, which is related to the preheating time. The cost and volume of the EMF may be changed because high voltage is no longer needed. 3) High preheating temperature will affect the electrical conductivity of work piece, which affects Lorentz force. How to balance the influence of temperature on the yield strength and electric conductivity also needs further research.
